Abstract-This paper presents the dynamic model and control scheme of an active variable buoyancy system (VBS) actuator for Autonomous Underwater Vehicles (AUVs). Our aim is to design an active disturbance rejection controller for the AUV maneuvering in the vertical plane with two VBS actuators. Firstly, a vertical plane mathematical model of AUV and a dynamics model of the VBS are established, and the model consists of three degrees of freedom (DOF) motion components that are surge, heave and pitch. The control scheme is decoupled into two subsystems including diving control and pitch control. Then, two improved extended state observers (ESOs) are employed and made comparative researches. The controller with improved ESOs can achieve good noise attenuation and robustness. Finally, field trial and simulation results illustrate the effectiveness of the proposed control scheme.
I. INTRODUCTION
Autonomous underwater vehicles (AUVs) are designed to carry on extremely challenging tasks with minimal human interaction. The VBS is an important part that maintains neutral buoyancy and achieves accurate hover motion of AUV. The AUV Explorer 1000, for example, is shown in Fig. 1 and was designed in 2013 to be used in ocean observation. The observation AUV developed in 2015 is able to reach 800 m depth of water. Two high-precision VBSs are employed in the bow and stern of the AUV. And the VBS can automatically adjust the level of water in the onboard ballast tanks during AUV operation. Because of the large size of the AUV, long-term and long-range missions, accurate neutral buoyancy for the vehicle dormancy, small buoyancy changes in AUV due to water density, water temperature or ocean current variations may result in the imbalance of the vehicle. It is necessary to install the VBSs in the bow and stern of AUV that can achieve accurate buoyancy control and depth control. There are also different kinds of VBSs designed and developed, such as [1] , [2] , and [3] , etc.
Compared to the existing VBSs, there are mainly three aspects of advantages in the VBSs of the AUV Explorer 1000: (1) The VBSs can be adjusted in two-way directions with high accuracy. ( 2) The VBSs are installed in the bow and stern of Explorer 1000 AUV, that is convenient to control the pitch and depth of AUV efficiently and effectively. What is more, the neutral buoyancy of AUV can be accomplished rapidly and maintain the constant depth for a period of time with high power consumption equipments shut down (3) The VBSs can be shut down in the diving progress of AUV keeping the constant pitch angle and re-up electricity when the AUV is close to the desired depth, that can save energy and increase the time of underwater continuous operation. The VBSs of Explorer 1000 AUV are shown in Fig. 2 . According to the required working undersea depth of AUV, the buoyancy regulating ability of each VBS is 7 litres, and the regulating error ≤0.083 kgf, and it have the functions of. The VBS can provide high-precision depth and pitch control, achieve adaptive buoyancy balance compensation and adjust the center of gravity. The AUV usually works in the extremely complex underwater environment that leads to the various disturbances such as ocean current, high pressure, variable density and temperature, etc. Thus, the high-precision control of AUV become difficult and challenging under the water. This paper aims to design the controller for depth and pitch control of AUV with two VBSs. Meanwhile, the controller has to possess strong robustness and capacity of resisting disturbance. A mathematical model of the vertical plane motion and a dynamic model of VBS are established in Section II. Section III demonstrates the improved ESOs and ADRC design for VBSs. Section IV discusses the field trial and simulation results and make comparative researches between two improved ESOs. The conclusions are made in Section V.
II. MATHEMATICAL MODEL OF AUV AND VBS

A. Reference frames of AUV
The inertial ( ) , , ξ η ζ and body-fixed ( )
, , x y z reference frames are used to build the vertical plane motion model for AUV, as shown in Fig. 3 .
In Fig. 3 , O is the origin of the AUV and the center of buoyancy. q and θ are the pitch angular velocity and pitch angle, respectively. u and w are the velocities for x-axis and z-axis, respectively. The x-axis force, z-axis force, and pitching moment equations of body-fixed equations of the vertical plane motion are considered. 
B. Dynamic and kinematic model
In the paper, we address the diving systems. The vertical plane equations [4] are formulated as follows:
where u  , w  , and q  are the x-axis acceleration, z-axis acceleration, and angular acceleration, respectively. 
The velocities along the inertial ξ -axis and ζ -axis is given by
where ( ) , ξ ζ is gravity center in earth coordinate frame. ξ  and ζ  are the ξ -axis and ζ -axis inertial velocities, respectively. The pitch angular velocity about the inertial ζ -axis is as below.
where θ  is the angular velocity of the AUV.
The key AUV parameters are summarized in Table I . 
C. Dynamic model of VBS
The buoyancy of bow and stern water ballast tank injecting and discharging water is calculated as follows:
( )
( ) 
III. ADRC DESIGN
The structure of second-order active disturbance rejection controller (ADRC) [5] is shown in Fig. 4 . The ADRC includes the tracking-differentiator (TD), the extended state observer (ESO) estimating the lump disturbances, and the nonlinear state error feedback (NLSEF) control law. 
A. Tracking Differentiator (TD)
The TD can track input signal, obtain the smooth input signal 1 v and estimate the differential signal 2 v of 0 v . The discrete form of TD is:
. (13) where h is sample step, and ( ) 
B. Extended state observer (ESO)
There are two kinds of ESOs that estimate the system disturbances while tracking the desired value. 
The third-order integral chained differentiator can estimate first-order and second-order differential values of the desired value simultaneously when it tracks the desired value. The system state equations are given as bellow: 
C. Nonlinear State Error Feedback (NLSEF) Control Law
The nonlinear state error feedback control law is selected as below: 
α is nonlinear coefficient, δ is turning point of ( ) fal ⋅ function.
IV. EXPERIMENTAL AND SIMULATION RESULTS
The lake and sea experiments have been conducted to validate the proposed algorithm, as shown in Fig. 1 and 2 . Two VBSs are installed on the bow and stern of the Explorer 1000 AUV, respectively. The displacement sensor is applied to measure the piston position of water ballast tank injecting and discharging water. From Fig. 6 to 11, the diving controllers including the depth controller and the pitch controller are selected as PIDs whose parameters are The traditional ESO has many parameters to be tuned and is difficult to find appropriate values conveniently in actual applications. While two ESOs adopted in this paper have only a few parameters that are easy to be tuned. And they are modified from tracking differentiator. In TD, r determines the speed of actual value tracking desired value. The higher the value of r, the faster the tracking speed. However, the excessive r increases high-frequency noises of differential values. h 0 is the filtering factor that can filter the input noise. From Figs. 12 and 13, we can conclude that when ESO has better tracking performance, its filtering ability becomes worse, and it works the other way as well. Compared with the parameters h 0 = h, r = 2000, the parameters h 0 = 3h, r = 2000 has better noise attenuation performance. The ESO of cascade TDs consists of two TDs that compose cascade chained ESO. Secondly, in order to select the better ESO, Fig. 12 and 14 shows the comparative simulation results of the cascade TDs and third-order integral chained differentiator. In Fig. 14, the tracking errors are obviously great and there also exist estimated errors. By contrast in Fig. 12 , the output values can track their references using the cascade TDs by and large and the estimated errors are within the acceptable range.
Regardless of the shallow water seen from Fig. 8 and 15 , and the shallow water seen from Fig. 10 and 16 , the ADRC has faster convergence ability and better stable state performance in comparison with the common-used PID.
The desired depth of the AUV may often vary during underwater mission operation. The depth error is selected as the difference between the desired value and the actual depth. We set the desired depth as 15m before 300s and 30m ranging from 300s to 600s. The control performance is shown in Fig.  17 . The actual depth can converge to the desired depth rapidly and stably with little excessive regulation. 
V. CONCLUSION
In this paper, we have developed the VBSs for Explorer 1000 AUV and proposed a diving controller for VBS actuator based on ADRC. The ADRC has been improved by using modified extended state observers. The designed ESOs can estimate the lump disturbances including parameter variations and unmodeled uncertainties. The diving controller has better dynamic and static performance and stronger anti-interference ability by using improved ADRC. As verified by lake trial, sea trial and simulation results, the proposed control scheme can carry out high-accuracy control of the VBS and achieve good noise attenuation and robustness.
